Abstract
Author Summary

1
The appropriate amount and balance of four dNTPs are crucial for all cells correctly Schizosaccharomyces pombe [15] . Sml1 binds to cytosolic Rnr1 and disrupts the 4 regeneration of the Rnr1 catalytic site [19, 20] . Dif1 promotes the nuclear import of the removal of the Crt1 repression from its promoter in the presence of genotoxic agents.
19
As a result, Hug1 acts in a distinct but undefined manner compared with its paralogs
20
Sml1 and Dif1 [25] . Intriguingly, the lethality of mec1Δ or rad53Δ can be suppressed 21 by deleting any of the negative regulators of RNR mentioned above (CRT1, SML1,
22
DIF1 or HUG1) [9, 12, 34, 35] . All these findings highlight the importance of RNR 1 regulation by Mec1-Rad53-Dun1.
2
In this study, we identify that a combinational deletion of MCK1 and DUN1 displays a 3 synergistic effect, reminiscent of the extreme sensitivity of mec1Δ or rad53Δ to HU.
4
No effects are observed when we delete other glycogen synthase kinase-3 (GSK-3) 5 homologs such as YGK3, MRK1 and RIM11 in S. cerevisiae. Also, Rad53 kinase is able Mck1 and Dun1 define two non-redundant and cooperative branches of the Mec1-
12
Rad53 kinase cascade in fine-tuning RNR activity when cells encounter replication 13 stress.
14
Results
15
Mck1 plays a vital role in coping with replication stress in the absence of Dun1 
Mck1 is a downstream target of Rad53
3
The synergistic HU sensitivity caused by the combined deletion of MCK1 and DUN1 4 raises a possibility that they may function cooperatively in the Mec1-Rad53 pathway.
5
We first tested whether MCK1 is a dosage suppressor of the mec1Δ or rad53Δ lethality.
6
We constructed a high-copy number plasmid with a URA3 marker (pRS426) expressing 7 MCK1 and introduced it into diploid strains wherein one copy of MEC1, RAD53 and 8 SML1 was deleted. After sporulation, the tetrads were analyzed by microscopic 9 dissection. mec1Δ and rad53Δ spores could hardly grow unless carrying the pRS426-
10
MCK1 plasmid or in the absence of SML1 (Fig. S2C) . To verify it, we induced loss of 11 this plasmid on a plate containing 5-floroorotic acid (5-FOA). Without the MCK1 12 overexpression plasmids, neither mec1Δ nor rad53Δ was able to survive (Fig. 1C) .
13
These results indicate that MCK1 overexpression is able to bypass the essential function 14 of MEC1 and RAD53, validating the results of previous large scale screen [39] .
15
We then examined whether there is physical interaction between Mck1 and Mec1 or shift (Crt1-P) after separation in a high resolution polyacrylamide gel (Fig. S3B ). There Phosphorylation-mimetic mutations of CRT1 compensates the checkpoint defect 10 of mck1Δ
11
To address the physiological significance of Mck1-mediated Crt1 phosphorylation, we 12 reasoned that Mck1 may target Crt1 to antagonize its repressor function.
13
We first tested whether Crt1 phosphorylation can suppress the ultra-sensitivity of 
21
To directly test this, we next checked the expression of the Crt1-controlled genes. In an indirect effect in response to HU (Fig. 4H ). This is also in good agreement with the 13 observations that mck1Δ does not display sick growth in the presence of the moderate 14 concentrations of HU ( Fig. 1 and 2 HU treatment (Fig. 6C ). In the absence of MCK1, the induction of HUG1 nearly Since mck1Δdun1Δ was identified to mimic mec1Δ or rad53Δ in response to HU (Fig.   3 1B), we then tested whether deletion of the main targets of Mck1 and Dun1 is able to 4 suppress the HU sensitivity of their upstream kinase mutants as well. Deletion of CRT1 5 alone was sufficient to afford mec1Δ to resist 7 mM HU, whereas SML1 deletion could 6 not (Fig. 6D , compare lines 2, 3 and 4). Combined deletion of CRT1 and SML1 slightly 7 facilitated HU resistance of mec1Δ (line 5). We further deleted HUG1, and found 8 significant enhanced HU resistance in mec1Δ (Fig. 6D , lines 6 and7) as well as 
12
Mck1 directly participates in the stress-induced dNTP regulation 13 We next directly compared intracellular dNTP pools in WT or mck1Δ-related mutants. coping with a more severe and/or long-lasting replication insult (Fig. 7D) . circumstance through inhibiting the induction of HUG1 in a Crt1-independent manner.
Apart from the dNTP levels, the Mck1-Hug1 pathway also regulates the dNTP balance 13 under replication stress induced by HU. Although molecular details regarding how
14
Mck1 and Hug1 achieve these need further investigation, our findings reveal a multi-
15
level response system to a wide range of replication threats.
16
It is also noteworthy to point out that the low dNTP levels are unlikely the sole reason 17 underlying the high HU sensitivity of mck1Δdun1Δ. Therefore, it will be interesting to 
Materials and Methods
20
Yeast strains and plasmids
21
S. cerevisiae strains congenic with BY4741/4742 and plasmids constructed in this study 22 are listed in Table S1 and Table S2 , respectively.
23
Synthetic genetic array (SGA)
24
The dun1Δ (MATα) single mutant was crossed with a non-essential deletion collection 1 of cell cycle-related genes for synthetic genetic screens as previously described [57, 58]. In Vitro Kinase Assay
10
To expressed His6-Rad53 and His6-rad53-KD, the pET-15b-RAD53 (a kind gift from
11
Dr. John Diffley) and pET-15b-rad53-KD (K227A) plasmids were introduced in BL21- followed by 95°C for 15 s and 60°C for 1 min for 40 cycles) was performed using 12 SYPR-Green on a QuantStudio 6 Flex system (Life).
13
Chromatin Immunoprecipitation (ChIP)
14
Logarithmically growing cells were treated with formaldehyde prior to lysis.
15
ChIP was carried out according to the methods used in previous studies with slight 
21
Formaldehyde crosslinks were reversed by incubation at 65°C for 5 hr, followed by 22 protease K treatment at 42°C for 2 hr. Then co-precipitated genomic DNA was purified 1 using a phenol-chloroform extraction and subjected to quantitative real-time PCR 2 SYPR-Green on a QuantStudio 6 Flex system (Life).
dNTP Measurement
4 dNTP extraction and quantification were carried out as described [59] .
5
Supporting information 6
Supporting information (Tables S1-S2 , Figures S1-S5 ) are available online. (Table S1) (Table S1) 24 were tested for the growth in the presence of the indicated concentrations of HU by 1 serial dilution analysis as described in Fig.1A . (Table S1) were tested for the HU sensitivity by serial dilution 13 analysis as described in (A).
14 (E) Mck1 and Dun1 play non-redundant roles in the rDNA copy number maintenance.
15
Genomic DNA was prepared in an agar plug and separated on a 1% pulsed field gel. 
Crt1 bears eight clusters of (S/T)-X-X-X-(pS/T)*, where * stands for the priming 16 phosphorylated residue and X for any amino acid. S1 (S58, S62); S2 (S167, S171, S173, (Table S1) were tested for the HU sensitivity by serial dilution 20 analysis as described in Fig.1A . Table   12 S1) were tested for the HU sensitivity by serial dilution analysis as described in (A). Yeast strains with the indicated genotype (Table S1) were tested for the HU sensitivity 4 by serial dilution analysis as described in Fig.1A . (Table S1 ) were tested for the HU 8 sensitivity by serial dilution analysis as described in Fig.1A . 13MYC were detected by immunoblots using an anti-MYC antibody. Tubulin was 20 applied as a loading control.
21
(C) Biological repeats of Figure 3D . (Related to Fig 4) . HU sensitivity analysis of the suppression effects of crt1-
22
S4 Fig
23
5D mutant.
24
